I. INTRODUCTION
Since the development of super-resolution techniques such as stimulated emission depletion (STED) microscopy, 1 stochastic optical reconstruction microscopy (STORM), 2 and photoactivated localization microscopy (PALM), 3 fluorescence microscopy with sub-diffraction-limited resolution has become an important tool for the investigation of biological and technical samples on the nanometer scale. Recently, the resolution limit of fluorescence microscopy was improved down to a groundbreaking 1 nm by the development of minimal photon flux (MINFLUX) microscopy. 4 However, in labelfree Raman microscopy, a comparable spatial resolution has not yet been achieved, although such a development would be of high interest as Raman scattering provides chemically selective information about the sample without possible collateral side-effects on the cell metabolism as induced by some fluorophores.
In the field of Raman microscopy, advances have been made in the past to enhance the resolution (relative to the diffraction limit) by employing structured beams enhancing the resolution of coherent anti-Stokes Raman scattering (CARS) by about a factor of two. 5, 6 A more recent work on stimulated Raman scattering (SRS) demonstrated the manipulation of the vibrational coherences of a molecule with an additional donut-shaped control beam in order to promote a a) Electronic mail: steffen.rieger@uni-muenster.de competing four-wave mixing process achieving a comparable resolution enhancement by a factor of two. 7 However, an even higher resolution enhancement should be possible when using higher control pulse energies, as the employed mechanism of resolution enhancement was based on the saturable suppression of the observed signal similar to STED microscopy. A related approach has also gained attention recently, which is the suppression of SRS by depleting the pump photons with a competing Raman scattering process driven by a strong second Stokes beam. 8 It is a promising method with a well-understood theoretical background, 9 but with the disadvantage that it is not applicable to the fundamental process of spontaneous Raman scattering as it requires the presence of multiple (pump and Stokes) beams. In another recent work, the depletion of the ground state of a molecule by an ultraviolet (UV) pulse was used for the suppression of spontaneous Raman scattering. 10 It was estimated that the observed suppression, if used in a STED-like Raman microscopy approach, should lead to a resolution enhancement by a factor of three. An even higher resolution enhancement should generally be possible using a higher pulse energy for stronger ground state depletion (GSD). For this reason and because it is a straightforward approach applicable to all variants of Raman scattering, GSD is of high interest for a potential application in resolution-enhanced microscopy.
Extensive numerical investigations have been performed in the past on the topic of spatial resolution enhancement in coherent Raman scattering microscopy by employing density matrix calculations of molecules irradiated with light in order to obtain information about consequent changes to the population of the molecular states and the accompanying Raman scattering processes. 11 In contrast to using rate equations, density matrix calculations provide the possibility to investigate coherent population effects which are involved in the excitation of molecules with femtosecond pulses as well as coherent Raman scattering processes. In these studies, it was, e.g., proposed that the spatial resolution of a CARS setup can be enhanced by analyzing the intensity-dependent frequency of amplitude modulation sidebands, caused in the spectrum by Rabi oscillations, which can be driven by a Gaussian-shaped control beam in the mid-infrared (MIR). 12 Another option for resolution enhancement would be the suppression of the CARS signal by an incoherent population of the vibrational states in a donut-shaped region around the focus to be achieved by irradiating the sample with MIR light 13 or a pair of control light fields in the scheme of stimulated emission pumping (STEP). 14 Similarly, a suppression of the CARS signal around the focal spot might be achievable by a depletion of the ground state of the sample's molecules. 15 Also for SRS a resolution enhancement was proposed utilizing a donut-shaped control beam with a high intensity to generate a saturated Raman signal around the center of the focus of a Gaussian beam with a lower intensity. 16 However, the above theoretical investigations were based on oversimplified molecular models, containing, besides the ground state of the molecule, only one or two electronic and vibrational states, respectively. By contrast, real molecules always feature a variety of both types of states. In many cases, this difference should have an impact on theoretical investigations, especially on GSD, as a higher number of states to which population can be transferred should generally result in a higher possible depletion.
Following this argument, it would be preferable to perform density matrix calculations on the basis of level systems that, in number and properties of their states, closer resemble molecules for which Raman scattering suppression was already experimentally demonstrated. Furthermore, if the parameters of the molecular transitions, i.e., frequencies, population lifetimes, coherence lifetimes, and transition dipole moments, would be close to the ones of the chosen molecule, it should also be possible to predict the pulse energy fluence required for a certain suppression of the Raman scattering and to compare the results of the calculations with existing experimental data. From there on, it would be possible to investigate the influence of a variation of molecule and pulse parameters on the Raman scattering suppression in order to identify conditions under which the efficiency of the suppression can be increased such that the proposed method can be applied to a variety of samples with different properties using low pulse energy fluences for improved biocompatibility.
Here, we report on density matrix calculations on the suppression of spontaneous Raman scattering due to GSD in a level system based on the molecule tris(bipyridine) ruthenium(ii) (Ru(bpy) 2+ 3 ), which was employed in the experimental demonstration of GSD reported in Ref. 10 . There, the spontaneous Raman scattering was suppressed by up to 50% via depletion of the ground state of the molecules using nanosecond UV laser pulses at a wavelength of 355 nm. It was estimated that the observed Raman scattering suppression would be sufficient for a resolution enhancement by a factor of three when taking difference images with a combination of Gaussian and donut-shaped beams. Using the same molecule, Ru(bpy) 2+ 3 , as a model system for the density matrix calculations enabled the possibility to compare the experimental and numerical results in order to verify that our calculations can be used to accurately predict the physical behavior of a molecule. For the same reason, we studied the suppression of the spontaneous Raman scattering instead of CARS [12] [13] [14] [15] or SRS 8, 9, 16 which was exclusively investigated in previous studies. Our density matrix calculations are then used to assess under which conditions simplifications to the modeled level system, i.e., the neglection of vibrational or electronic states, as they were made in earlier studies, should be justified. The density matrix calculations are also employed to gain insight into the dependence of the spontaneous Raman scattering on several parameters such as the duration of the laser pulse, the coherence lifetimes between the molecular states, and the wavelength of the laser radiation. From these investigations, conditions are identified under which the most efficient GSD can be achieved and, thereby, a high resolution enhancement can be obtained in a potential future application.
II. CONCEPT OF RESOLUTION-ENHANCED RAMAN SCATTERING SPECTROSCOPY VIA GROUND STATE DEPLETION
We like to briefly recall how GSD can be applied to achieve a resolution enhancement in Raman scattering spectroscopy as proposed in Ref. 10 . The key of this method is the irradiation of sample molecules with pulsed UV laser light, which generates a Raman scattering signal, while simultaneously depleting the ground state of the sample. Therefore, an increase of the pulse energy will result in an increase of the detected Raman scattering signal which saturates at high pulse energies, because population is transferred out of the ground state, from which the Raman scattering process originates.
In a potential experimental realization, a sample would be illuminated with a combination of Gaussian and donut-shaped beams [see Fig. 1(a) ]. By scanning the sample orthogonally to the optical axis and detecting the Raman scattered light (e.g., in the backwards direction) at each position, a Raman scattering image can be obtained. In the case of illumination with a Gaussian beam, this would be a diffraction-limited image of conventional resolution [see Fig. 1(b) ].
A resolution-enhanced image [see Fig. 1 (c)] can be obtained from two consecutive imaging processes using a donut-shaped beam as well as a beam that is a combination of the donut-shaped beam together with a Gaussian beam of (e.g., ten-fold) lower intensity. The intensity of the donutshaped beam would be chosen such that it would drive the Raman scattering signal into saturation in its regions of highest intensity. Therefore, the addition of the Gaussian beam would-due to the saturation-only insignificantly increase the Raman scattering emitted from these regions. A subtraction of the images obtained by scanning the sample with the two differently structured beams would, therefore, result in an image, in which mainly the Raman scattering signal from the center of the Gaussian beam remains. This reconstruction provides a significant resolution enhancement (here by a factor of 7.5) in comparison to a conventional image obtained with a Gaussian beam [ Fig. 1(b) ].
III. DENSITY MATRIX MODEL OF Ru(bpy) 2+ 3
In order to numerically study the spontaneous Raman scattering suppression in Ru(bpy) 2+ 3 , a level system based on its molecular states was used for the calculations (see Fig. 2 included in the level system, i.e., their frequencies and lifetimes as well as transition dipole moments and coherence lifetimes between pairs of states, was collected from independent measurements and the literature. [17] [18] [19] [20] [21] [22] [23] The specific molecular states and transitions of Ru(bpy) 2+ 3 are a result of its molecular structure which is that of a metal complex consisting of a ruthenium ion surrounded by three bipyridine ligands in an octahedral symmetry. 17 A Ru(bpy) 2+ 3 molecule in its ground state |1 can, by absorbing UV light, undergo a transition into several excited states (straight gray arrows in Fig. 2 ). 17, 18 Our calculations included all states (|5 to |8 ) whose frequencies were up to ∆ω = 2000 THz apart from the laser frequency (ω L = 5300 THz, wavelength of λ L = 355 nm). More distant states were not considered in the calculations as their influence to absorption and Raman scattering should be negligible (scaling with 1/∆ω 2 24 ) and their inclusion would only increase the total computation time which for density matrix calculations generally scales with the square of the number of considered states. In Appendix A 4, it is discussed that a further reduction in the number of states in the model by combining states |5 -|8 to a single effective state should not be performed, as it significantly changes the calculation results. The population in one of the excited states (|5 -|8 ) relaxes with a rate of 20 ps 1 into the lowest excited state but also with a much lower rate of 2 ns 1 back into the ground state. 19 These transitions are indicated by wavy gray arrows in Fig. 2 . The lowest excited state remains populated for a very long lifetime (890 ns if the molecule is in its common solvent acetonitrile 20 ) before relaxing into the ground state and emitting fluorescence light around 600 nm wavelength. 17 Further possible transitions (gray arrows in Fig. 2 ) exist from the lowest excited state to even higher electronic states (|9 -|11 ), 18 enabling Raman scattering from the lowest excited state. The lifetimes of these states are still unknown and in our level system assumed to be the same 2 ns as for the states |5 -|8 . This assumption should have no significant influence on the calculations, as the states receive only a small amount of population even at the highest studied pulse energy fluences.
As the lowest excited state |3 is a result of a metal-toligand charge transfer transition, 17, 21 the vibrational behavior of molecules in this state resembles the one of the individual ligands. This is the reason for the extensively studied spectral differences between the ground and the excited state Raman scattering of Ru(bpy) 2+ 3 . 10, 22, 23 Both the ground and the excited state Raman spectrum feature various vibrational resonances. However, the GSD as well as the Raman scattering into each of the individual vibrational states should both be independent from the number of modeled vibrational states as long as those states itself are only populated to a small extent (in total up to approximately 10% in the presented calculations). Therefore, it was assumed that including only two representative vibrational states as sources of the ground and excited state Raman scattering in our level system should not change the studied processes but provided the benefit of a reduced computation time. This claim was verified by investigations on the dependence of the Raman scattering on the number of modeled vibrational states reported in Appendix A 4.
All other investigations were performed with two vibrational states in the level system. One of those is state |2 at a frequency of ω 2 = 249 THz, corresponding to a wavenumber ofν 2 = 1320 cm −1 , which can be populated by Raman scattering from the ground state |1 via virtual states nearby the electronic states |5 -|8 . The second state is state |4 at a frequency difference of ω 4 ω 3 = 242 THz, corresponding to a wavenumber ofν 4 = 1284 cm −1 , which can be populated by Raman scattering from the lowest excited state |3 via virtual states around the electronic states |9 -|11 .
Lifetimes of vibrational states were reported ranging from tens of picoseconds 25 up to the nanosecond scale 26 in the past. In our calculations, we assumed lifetimes of 1 ns for both vibrational states. This choice is consistent with earlier studies 12, 15, 16 and enabled to investigate the impact of population transfer to different numbers of vibrational states under the assumption that the population remained in those states on a time scale longer than the pulse duration (see Appendix A 4). It will be shown in Appendix A 5 that, for most calculations, the absolute value of the vibrational lifetime has only a minor influence on the calculated Raman scattering suppression.
Other important parameters for the density matrix calculations of Ru(bpy) 2+ 3 were the transition dipole moments µ pq and the coherence lifetimes τ coh pq between the states. The latter were unfortunately unknown. In order to determine appropriate values, calculations were performed with various different coherence lifetimes and compared to the experimentally determined Raman scattering suppression in Ru(bpy) Concerning the transition dipole moments, we experimentally determined µ 51 to be 4.5 D (with estimated uncertainty below 5%) by measuring the absorption of Ru(bpy) 2+ 3 in the spectral region between 330 nm and 620 nm with a spectrophotometer and calculating the transition dipole moment from the acquired spectrum as described by Bertie et al. 28 Our lab equipment did not allow for lower-wavelength absorption measurements nor for excited state absorption measurements. However, absorption spectra of all UV transitions originating from the ground state as well as from the lowest excited state are reported in Ref. 18 . The reported complete absorption spectra were scaled such that the absorption peak of the transition from |1 -|5 matched our measured absorption peak. From the scaled spectra, the values of the other transition dipole moments were calculated as listed in Table I (Appendix A 3).
For the calculations, it was assumed that the transition dipole moment between the vibrational state |2 and each electronic state |k (with k = 5, 6, 7, 8) was equal to the transition dipole moment between the ground state |1 and this electronic state, i.e., µ k2 = µ k1 . The same assumption was made for the vibrational state |4 , i.e., µ k4 = µ k3 (with k = 9, 10, 11). In reality, the two corresponding dipole moments may not be equal. However, the results of density matrix calculations in which the ratios of the transition dipole moments µ k2 /µ k1 and µ k4 /µ k3 were varied between 0.5 and 2 showed only a change of the pulse energy fluence required for a certain suppression of less than 40%. These findings are in agreement with Ref. 16 which also reports only a small influence of these parameters on the population transfer dynamics in a numerical study on resolution enhancement in an SRS setup. Therefore, assuming the respective pairs of transition dipole moments to be equal should be reasonable for our model.
IV. CALCULATIONS OF RAMAN SCATTERING SUPPRESSION VIA GROUND STATE DEPLETION
Density matrix calculations on a level system with a higher number of states, such as the one of Ru(bpy) 2+ 3 , cannot be performed with the simplified four-state density matrix differential equations 13 used for earlier calculations. [12] [13] [14] [15] [16] Therefore, we generalized the equations in order to allow the inclusion of any number of states (see Appendix A 1). Additionally, in order to enable a comparison between numerical and experimental results, the calculation of the spontaneous Raman scattering intensity from the density matrix calculations was established (see Appendix A 2).
The density matrix equations (A8) and (A9) (see Appendix A 1) of a Ru(bpy) 2+ 3 molecule assuming irradiation with a laser pulse at a wavelength of 355 nm were solved using a fourth-order Runge-Kutta algorithm. The calculations were performed with a time step width of dt = 0.1 fs over a time frame that was four times the pulse duration used in the specific parameter set. In order to reduce the time to receive the calculation results, the variation of the pulse energy fluence was calculated in parallel on a multi-core computer.
Figure 3(a) shows exemplary results of a density matrix calculation using laser pulses with a duration of τ pulse = 30 ps (intensity FWHM) and a pulse energy fluence of 4.9 J cm 2 . The pulse energy fluence Φ = (c n 0 τ p )/(2 ζ) ×Ê 2 was calculated from the peak amplitudeÊ of the electric field, the pulse duration τ p , the pulse form factor ζ = 0.94 (Gaussian pulse J. Chem. Phys. shape), the speed of light c, the vacuum permittivity 0 , and the refractive index of the surrounding medium n. The latter was assumed to be n = 1.36, as this is the refractive index of acetonitrile, a common solvent for Ru(bpy) 2+ 3 , at a wavelength of 355 nm. The temporal development of the population of all states is displayed, most importantly the ground state population ρ 11 (solid blue curve) and the lowest excited state population ρ 33 (solid red curve). It can be observed that the population is transferred from the ground state |1 to the electronic states |5 -|8 by the leading edge of the incident laser pulse (I pulse , dashed green curve). The normalized Raman scattering intensity emitted from the ground state (I GS Raman , dashdotted blue curve) appears to be temporally shifted toward the leading edge of the pulse as the GSD, mainly present at the trailing edge, caused a suppression of the Raman scattering.
The relaxation of the population from the excited states |5 -|8 (lifetime 20 ps) into the lowest excited state |3 occurs during the pulse duration (30 ps) and continued afterwards. Therefore, Raman scattering from the lowest excited state (I ES Raman , dashed-double-dotted red curve) and the transfer of population from state |3 to the higher electronic states (|9 -|11 ) were observable predominantly during the trailing edge of the pulse. Excited state Raman scattering is a characteristic property of Ru(bpy) 2+ 3 17,22 but cannot be used for resolution-enhanced Raman microscopy and will, therefore, not be investigated in more detail in this publication.
The overall Raman scattering intensity from the ground state of the sample was obtained by integrating the timedependent signal over the considered time frame. By performing the calculation for different pulse energy fluences, it was found that the ground state Raman scattering signal increased linearly with the incident pulse energy fluence up to the point where GSD led to a saturation of this increase-an effect that can be applied for resolution-enhanced microscopy as described in Sec. II. This behavior can best be visualized by plotting the Raman response, i.e., the Raman scattering intensity relative to the incident pulse energy fluence, versus the pulse energy fluence as it is shown in Fig. 3(b) for pulses of different durations ranging from 0.1 ps to 100 ps.
It can be seen that for all pulse durations, the Raman response is constant for a low pulse energy fluence and decreases at a higher pulse energy fluence before asymptotically approaching its minimal value. In the following, the minimal Raman response as well as the pulse energy required for a suppression of the Raman response by 50%, henceforth called suppression fluence, will be used to quantify the efficiency of the Raman scattering suppression under varying conditions, e.g., for various different pulse durations. For a most efficient Raman scattering suppression in a potential resolutionenhanced microscopy application, both characteristic values should be as low as possible.
A. Verification of the numerical model
In order to verify that the density matrix calculations are able to reliably predict the behavior of molecules in an experimental realization of our proposed GSD Raman scattering spectroscopy, the numerical results have to be compared to the previously acquired experimental results of Ref. 10 . The experimentally determined ground state Raman response is included for comparison in Fig. 3(b) as gray dots. The pulse energy fluence was calculated from the pulse energy used in the experiment focused to a diameter of 3.5 µm (FWHM) with a Rayleigh length of 80 µm, considering a cuvette window transmission of 94% and a reduction of the laser intensity to approximately 45% after the Rayleigh length due to absorption in the sample (10 mM concentration of Ru(bpy) 2+ 3 ). In the experiment, a suppression of the ground state Raman response by 50% was achieved using laser pulses with a duration of 13 ns with a pulse energy of 1.5 µJ corresponding to a suppression fluence of 11 J cm 2 . The calculations were restricted to pulse durations in the picosecond regime due to our limitations in computation time. As can be seen in Fig. 3(b) , the Raman response curves shift toward higher pulse energy fluence with increasing pulse duration; however, this shift experienced a saturation for pulse durations above 3 ps. From this observation, it appeared to us as justified to compare our calculations carried out with 100 ps pulse duration with the experimental data, although the latter was obtained with 13 ns pulse duration.
It can be observed that the overall shape of the calculated ground state Raman response curve is in remarkable agreement with the experimental results, only slightly shifted toward a lower pulse energy fluence by a factor of approximately 1.6. The calculated suppression fluence was 8 J cm 2 in comparison to the experimental value of 11 J cm 2 . This deviation can be attributed to a deviation of the real electronic coherence lifetimes from the assumed value of 2 ps (see Sec. IV D). Other possible parameters of influence are uncertainties in the measurement of the transition dipole moments, an imperfect estimation of the focal size in the experiment, and the fact that spatial variations of the light intensity due to the Gaussian intensity profile of the laser beam and decreasing laser intensity due to absorption are not considered in the density matrix calculations.
For the excited state Raman response, a comparison between the calculations and experiment cannot be expected to provide a quantitative agreement, as the shorter pulses used within the calculations experience a considerably lower population of the lowest excited state |3 . This is due to this state receiving population on the time scale of the lifetime of the states |5 -|8 (20 ps) such that the population transfer into this state is completed during the 13 ns laser pulses in the experiment, but not during the (up to) 100 ps laser pulses in the calculations [compare to Fig. 3(a) ].
The complete set of molecular parameters that were used in the calculations to reproduce the experimental results from Ref. 10 as shown in Fig. 3(b) can be found in Appendix A 3.
B. Influence of the pulse duration
In order to choose a UV laser with an optimal pulse duration for a proposed application of GSD for resolutionenhanced microscopy, it is of high interest to gain insight into the dependence of the Raman scattering suppression on the pulse duration of the incident laser light. The dependence of the ground state Raman response on the pulse energy fluence was calculated for different pulse durations τ pulse ranging from 0.1 ps to 100 ps covering three interesting time scales as shown in Fig. 3(b) and described in the following.
On the first time scale, the pulse duration (e.g., τ pulse = 100 ps) exceeded the relaxation time of the higher excited states into the lowest excited state (20 ps), while still being much shorter than the lifetime of the lowest excited state (890 ns). For such pulses, the minimal Raman response approached zero with increasing pulse duration as more population was transferred into the lowest excited state, achieving a complete GSD. The suppression fluence was 7.6 J cm 2 for a pulse duration of 100 ps. As the absolute amplitude of the Raman response [plotted normalized in Fig. 3(b) ] is proportional to the pulse duration, it was higher for such longer pulses.
On the second time scale (τ pulse around a few picoseconds), the pulse duration was shorter than the relaxation time but longer than the coherence lifetime between pair of states (assumed to be 2 ps), resulting in a Raman scattering suppression with a comparable suppression fluence but a higher value of the minimal Raman response. This observation was a result of an equal distribution of population between the ground and several excited states allowing for a maximum suppression of the ground state Raman scattering signal down to a value that was proportional to the inverse of the number of involved states. The effect will be discussed in detail in Sec. IV D.
Finally, pulses shorter than the coherence lifetime between the excited states and the ground state (τ pulse of a few hundred femtoseconds) again accomplished a complete Raman scattering suppression with a minimal Raman response approaching zero. The suppression fluence was by approximately one magnitude lower in comparison to the one of longer pulses (0.6 J cm 2 for a pulse duration of 100 fs). However, this more efficient Raman scattering suppression comes with the disadvantage that it remains only on the time scale of the pulse duration (also shown in Sec. IV D). Additionally, using shorter pulses would provide a lower Raman scattering signal and, due to the conservation of the timebandwidth product, a reduced spectral resolution (approximately 4.4 THz for 100 fs pulses). Nevertheless, it was of interest to study the Raman suppression by short pulses as a method to gain insight into the general dynamics of GSD as well as to prepare the concept of GSD to be transferred to coherent Raman scattering methods which often employ short pulses in order to increase the nonlinear Raman scattering signal.
In general, the investigation on the influence of the pulse duration on the Raman response shows that a most efficient Raman scattering suppression (low suppression fluence and low minimal Raman response) can be achieved by avoiding the use of pulses with a duration shorter than the lifetime of the electronic states and longer than the coherence lifetime between ground and electronic states. Therefore, pulses shorter than the electronic coherence lifetime should be best suited for the suppression of the spontaneous Raman scattering. However, if longer pulses are required to generate the spontaneous Raman scattering, e.g., for reasons of the detection efficiency or spectral resolution, their duration should be longer than the lifetime, but in order to avoid a population relaxation back into the ground state on the time scale of the pulse duration, not longer than the lifetime of the lowest excited state (890 ns).
C. Investigation of the possible resolution enhancement
In order to investigate the possible resolution enhancement that could be achieved in an application of GSD in spontaneous Raman scattering microscopy, we calculated the image of a scattering center with the properties of Ru(bpy) 2+ 3 . This process is described in detail in Ref. 10 . Briefly, the Raman response of a sample irradiated with light of a certain pulse energy fluence was determined using the results of the density matrix calculations shown in Fig. 3(b) . The scattering center (50 nm diameter) was numerically scanned (10 nm resolution) and the spatially integrated Raman scattering intensity calculated with three beams: a donut-shaped beam, a ten-fold lower intensity Gaussian beam, and a beam that was a combination of those two beams. By subtracting the images resulting from scanning with the donut-shaped and the combined beam from each other, a resolution-enhanced image was obtained as described in Sec. II. were calculated assuming pulsed laser irradiation with a pulse duration of 100 ps. The maximum local pulse energy fluence of the donut-shaped beam was set to 100 J cm 2 . For the Gaussian beam, a ten-fold lower maximum local pulse energy fluence of 10 J cm 2 was used in order to avoid a broadening of the Gaussian form of the resulting point spread function (PSF) due to the nonlinear relation between the Raman scattering intensity and the incident pulse energy fluence. By comparing the two images, the theoretically possible resolution enhancement can be estimated to be approximately a factor of 7.5 (FWHM of 589 nm versus 76 nm). Note, however, that such a high pulse energy fluence could not be used in an experimental realization of GSD as it is above the damage threshold of the molecules (approximately 15 J cm 2 ). 10 The images shown in Figs. 4(c) and 4(d) were calculated based on the numerically obtained Raman response curve from Fig. 3(b) using 100 fs pulses. When using femtosecond pulses, the pulse energy fluence required for the Raman scattering suppression was by approximately one order of magnitude lower in comparison to the one required when using picosecond pulses. Therefore, the two images also show a resolution enhancement by approximately a factor of 7.5, although the maximum local pulse energy fluence of the donut-shaped and Gaussian beams in the calculations was set to only 10 J cm 2 and 0.6 J cm 2 , respectively. Such pulse energy fluences are well below the damage threshold of Ru(bpy) 2+ 3 molecules, 10 providing an incentive to further study the application of short femtosecond pulses for the GSD in future experiments also for other molecules, which would be more relevant for the life sciences.
The average laser power and intensity that we applied for GSD in Ru(bpy) 
D. Influence of the coherence lifetime
As exact coherence lifetimes between the states of Ru(bpy) 2+ 3 are still unknown but were estimated-based on the comparison between numerical calculations and experimental results-to be 2 ps, a study on the influence of the variation of this value on the Raman scattering suppression was performed. For this purpose, calculations of the dependence of the Raman response on the pulse energy fluence were performed with varying coherence lifetimes between all states in the range from 20 ps, which is the lifetime of the electronic states of Ru(bpy) 2+ 3 , down to 20 fs, which is five times shorter than the shortest pulse duration (100 fs) studied in Sec. IV B.
In order to gain insight into the influence of the coherence lifetime between the states on the suppression of the Raman response from pulses longer than each of the investigated coherence lifetimes, calculations were performed with pulses of 30 ps duration. A second set of calculations was performed with pulses of 100 fs duration in order to investigate the influence of the coherence lifetime on the Raman response from pulses with a duration in the order of the coherence lifetime.
The coherence lifetimes between all states were varied equally, although in nature the coherence lifetimes would most likely differ between the individual pairs of states. This was a reasonable simplification in order to perform the calculations within a manageable parameter space. A brief discussion on J. Chem. Phys. effects occurring when assuming different coherence lifetimes for the individual transitions can be found in Appendix A 6. Figure 5 shows the dependence of the Raman scattering suppression on the coherence lifetimes between the states calculated in (a) for 30 ps pulses and in (b) for 100 fs pulses. The ground state Raman response integrated over the pulse duration is plotted versus the pulse energy fluence for each investigated coherence lifetime τ coh pq . It can be seen in Fig. 5(a) that, when using picosecond pulses, a lower coherence lifetime resulted in a significant reduction (approximately two orders of magnitude) of the suppression fluence, i.e., 8 × 10 2 J cm 2 instead of 5 × 10 1 J cm 2 for coherence lifetimes of 20 fs and 20 ps, respectively. The minimal Raman response, however, remained unchanged by a variation of the coherence lifetimes. A possible physical explanation for the observed dependence of the suppression fluence could be that short electronic coherence lifetimes result in a spectral broadening of the molecular transitions, which leads to a more efficient GSD at the off-resonance laser wavelength of 355 nm.
The gray dots in Fig. 5 (a) mark the experimentally determined ground state Raman response from Ref. 10 as described in Sec. IV A. By comparing the experimental results to the numerical calculations, one can identify the coherence lifetime that is best suited to reproduce the experimental results. A value of 2 ps was chosen as the corresponding Raman suppression curve was close to the experimental data. The remaining difference in the suppression fluence could thenas described in Sec. IV A-be attributed to the experimental impact of absorption or intensity variations over the focus profile.
From the calculations shown in Fig. 5(b) , it can be seen that also for femtosecond pulses, the suppression fluence was lower for shorter coherence lifetimes. However, the minimal Raman response also increased with decreasing coherence lifetimes. The reason for this dependence of the Raman response of femtosecond pulses is evident from the comparison of For a coherence lifetime of 20 ps [see Fig. 6(a) ], which is by a factor of 200 longer than the pulse duration, the population ρ 11 (blue curve) of the ground state |1 was transferred to the excited states |5 -|8 during the first half of the pulse duration. At the center of the pulse, the ground state population and with it the Raman scattering intensity exhibited an extremely fast modulation with low amplitude that was caused by Rabi cycling due to a buildup of coherence between the ground state and the excited states over the pulse duration. The population was transferred back to the ground state during the second half of the pulse duration which can be attributed to the effect of adiabatic following. 30 As the Raman scattering intensity I GS Raman (dashed-dotted blue curve) is proportional to the population of the ground state [see Eq. (A11) in Appendix A 2], the maximum Raman scattering suppression was achieved in the center of the pulse, while the leading and trailing pulse edges experienced a lower suppression.
The above-described population transfer dynamics were also observed in the calculations discussed in Sec. IV B, using pulses shorter than the assumed 2 ps coherence lifetime resulting in the dependence of the Raman response on the pulse energy fluence that is depicted in Fig. 3(b) for those pulse durations. Figure 6 (b) shows that a coherence lifetime of 20 fs, which is by a factor of five shorter than the pulse duration, led to a longer-lasting transfer of the ground state population to the excited states |5 -|8 as well as to the Raman state |2 due to Raman scattering. After the pulse, each of these molecular states was occupied to an almost equal amount and remained populated until the end of the considered time frame. More specifically, it can be seen that the GSD and, therewith, the Raman scattering suppression were proportional to the reciprocal number of the states which received a part of the total population from the ground state.
This type of population transfer dynamics was observed in the calculations discussed in Sec. IV B using pulses with a duration between the assumed coherence lifetime of 2 ps and the population lifetime of 20 ps resulting in the dependence of the Raman response on the pulse energy fluence that was depicted in Fig. 3(b) for those pulse durations.
As can be seen in Fig. 5(b) , the two investigated types of population dynamics are limit cases: When the coherence lifetime was in-between these examples, a part of the population was transferred back to the ground state and a part remained in the excited states causing the resulting Raman response curves to lie in-between the ones obtained for coherence lifetimes of 20 ps and 20 fs. The pulse duration at which the transition between the two cases can be observed is defined by the coherence lifetime of the states.
The results of the above-discussed investigations have several consequences for potential applications: When studying molecules whose transitions posses lower coherence lifetimes with picosecond pulses, it should be possible to achieve a suppression of the Raman scattering with significantly lower pulse energy fluence (more than two orders of magnitude across the investigated parameters' space). When using femtosecond pulses, which are shorter than the lifetimes of the states, molecules with transitions whose coherence lifetimes are longer than the pulse duration would provide a lower minimal Raman response and, as a consequence, would allow for a higher resolution enhancement.
E. Influence of the laser frequency
In the past, investigations on the excited state Raman spectra of Ru(bpy) 2+ 3 were performed using laser pulses at a wavelength of 355 nm due to the convenient availability of this wavelength from frequency-tripled Neodymium:YAG lasers and their established application in resonance-enhanced Raman scattering spectroscopy. However, another wavelength, e.g., one that is closer to resonance with one of the transitions of Ru(bpy) 2+ 3 , might lead to a more efficient GSD, motivating to study the influence of the laser wavelength on this process. Using our level system of Ru(bpy) 2+ 3 with multiple electronic states for the density matrix calculations enabled to detune the laser frequency toward the frequencies of those states and investigate the resulting Raman response.
For the following investigations, density matrix calculations were performed with different laser wavelengths (280 nm-470 nm) covering the spectral region including the transitions to the states |5 -|8 . The Raman response curves were calculated with different pulse energy fluences (1 × 10 14 J cm 2 -2 × 10 3 J cm 2 for the four on-resonance laser wavelengths and 7 × 10 6 J cm 2 -2 × 10 3 J cm 2 for any other investigated wavelength). In all calculations, pulses with a duration of 30 ps were used, as this pulse duration was closest to the experimental conditions, which still resulted in a reasonable computation time for this large parameter space. The suppression fluence was obtained from the resulting suppression curves and depicted in Fig. 7 as a function of the laser wavelength. The wavelengths corresponding to the four transitions between the ground state |1 and the excited states |5 -|8 are marked with vertical gray bars. suppression fluence (8 J cm 2 ). The most efficient Raman scattering suppression with by more than four orders of magnitude lower suppression fluence (7 × 10 6 J cm 2 -2 × 10 4 J cm 2 ) was calculated for laser wavelengths that were in resonance with one of the four transitions from the ground state |1 to the states |5 -|8 due to their high transition dipole moments (µ 51 = 4.5 D, µ 61 = 1.7 D, µ 71 = 2.0 D, and µ 81 = 8.2 D) and due to the transition probability scaling with the inverse square of the detuning between laser and transition frequency. 24 Additionally, a higher absolute intensity of the Raman scattering can be expected with a laser frequency close to resonance due to resonance-enhanced Raman scattering. 31 In general, this investigation revealed that the pulse energy fluence required for the GSD can be significantly reduced by using a laser wavelength that is in resonance with one of the transitions in the molecule. This should also be true for molecules other than Ru(bpy) 2+ 3 , which usually feature transitions in the UV, and should be considered in the design of potential future applications.
V. FUTURE PERSPECTIVES

A. GSD in different molecules
GSD Raman spectroscopy can most simply be applied to samples such as Ru(bpy) 2+ 3 that feature a long-lived excited state and which can be indirectly populated via strong transitions in order to excite an appreciable fraction of the ground state population. However, it is an important question, for instance, for microscopy purposes, in which other types of molecules' GSD can be achieved. Our investigations allow progressing toward an answer to this question by having analyzed two major aspects, in which typical Raman spectroscopy samples differ from samples such as Ru(bpy) 2+ 3 . First, most common molecules do not feature a similar long-lived excited state. In this point, our calculationsparticularly those in Secs. IV B and IV D-suggest that GSD would also be possible by directly populating excited states either by using a pulse duration below the electronic coherence lifetime to deplete the entire ground state on a short time scale or by populating multiple electronic states at once. The latter was shown to reduce the remaining ground state population to a fraction that is inversely proportional to the number of the populated states. 15 Therefore, it should be sufficient for a sample to feature one or more states which can receive population from the ground state and have a lifetime which is longer than the duration of the pulses that are used to generate the Raman scattering.
The second important difference between Ru(bpy) 2+ 3 and other molecules concerns the minimum pulse energy fluence needed for GSD. Applying a long pulse duration and thus a high fluence can become a serious obstacle for GSD in other molecules, particularly in organic molecules with a lower damage threshold in comparison to Ru(bpy) 2+ 3 . In our experiments, due to a very long pulse duration and with the laser somewhat detuned from resonance, we had to apply rather high fluence values of 5 to 10 J cm 2 although much smaller values seem sufficient for Ru(bpy) 2+ 3 , particularly when using much shorter pulses. However, the pulse energy fluence to be applied in other molecules depends also on the dipole moments of the molecular transitions and will probably be higher than in Ru(bpy) 2+ 3 . In order to maximize the Raman scattering suppression process for an application to different molecules, it is, therefore, crucial to find the minimum required pulse energy fluence. Our density matrix calculations suggest that it would be possible to achieve GSD with pulses that are even shorter than the electronic coherence lifetime (see Sec. IV B), especially when matching the laser wavelength to the resonances of the studied molecules (see Sec. IV E).
B. GSD for CARS spectroscopy
GSD should be applicable for a resolution enhancement not only in spontaneous but also in coherent Raman scattering microscopy, e.g., using CARS. We expect that the methods and results presented in this investigation are transferable considering that the spontaneous Raman scattering signal is proportional to the population of the ground state ρ 11 , while that of CARS is proportional to the square of ρ 11 . 15 Therefore, GSD is expected to lead to a stronger suppression of CARS signals than of signals generated by spontaneous Raman scattering.
In a potential resolution-enhanced CARS setup, Gaussianshaped pump and Stokes beams would have to be spatially superimposed, e.g., with donut-shaped control beams, generating the GSD around the focus to enhance the achievable spatial resolution. It appears to us as promising to realize such a scheme in the form of multiplex coherent anti-Stokes Raman scattering (M-CARS), 32 in which a broadband (approximately 90 THz, corresponding to 3000 cm 1 ) Stokes pulse is used together with a narrowband (below 0.3 THz, corresponding to 10 cm 1 ) pump pulse and the entire spectrum of Raman scattered light is detected with a spectrometer. In M-CARS, it would be possible to temporally compress the broadband Stokes pulses to a duration in the femtosecond range so that it could be superimposed with a femtosecond UV control pulse. With such a scheme, one could exploit the numerically observed effect that GSD can be obtained with one order of magnitude lower pulse energy fluence when using femtosecond instead of picosecond control pulses. Thus, pulse energy fluences below 1 J cm 2 should be applicable, which are suited for biological imaging. 29 In contrast to an application in spontaneous Raman scattering, the use of femtosecond pulses would not result in a loss of spectral resolution in such an M-CARS scheme, as the spectral resolution would be determined by the bandwidth of the pump pulses.
VI. CONCLUSION
In this publication, we presented density matrix calculations of the suppression of spontaneous Raman scattering by ground state depletion (GSD) in a level system based on the molecule tris(bipyridine)ruthenium(ii) (Ru(bpy) 2+ 3 ). The calculated Raman scattering suppression is in qualitative and reasonable quantitative agreement with earlier experimental results, 10 verifying that Raman scattering processes from a molecule can be predicted by such calculations.
We assessed the required level of detail of the molecule model by comparing our calculations to the ones performed with more complex as well as oversimplified molecule models used in earlier work. 13 It was found that simplifying the level system by neglecting certain electronic states leads to a substantial deviation of the resulting Raman response, whereas not including additional vibrational resonances in the model should be acceptable for most investigations.
Our calculations allowed us to identify pulse and molecule parameters which significantly influence the suppression of the Raman response, i.e., the pulse duration, the lifetimes of the molecular states, the coherence lifetimes between the states, and the laser wavelength.
The coherence lifetimes between the molecular states were found to significantly influence the necessary pulse energy fluence for the suppression of the Raman response so that reasonable assumptions of those values were required for the density matrix calculations.
Pulse durations that are either longer than the lifetime of the states (20 ps) or shorter than the coherence lifetime between the states (assumed 2 ps) resulted in a minimal Raman response close to zero and should be applicable for a resolution enhancement in spontaneous Raman scattering microscopy by up to a factor of 7.5 when using a maximum local pulse energy fluence of 100 J cm 2 . In the case of the shorter femtosecond pulses, the Raman scattering suppression was obtained with a pulse energy fluence that is more than one order of magnitude lower (suppression fluence of 0.6 J cm 2 ) than the value observed in our recent corresponding experiment (11 J cm 2 ). With femtosecond pulses, a spatial resolution enhancement by up to a factor of 7.5 was calculated to be reached already with a maximum local pulse energy fluence of 10 J cm 2 , about one-third below the damage threshold of the investigated molecule.
Finally, it was shown that using a laser wavelength that is in resonance with one of the electronic transitions of the sample should enable to suppress the Raman scattering with a by four to six orders of magnitude lower pulse energy fluence. Therefore, besides the other investigated parameters, also the laser wavelength should potentially be chosen with respect to the investigated sample, when designing potential future applications of GSD for resolutionenhanced Raman scattering microscopy. Additionally, our calculations provide a future perspective to numerically study the Raman scattering suppression via GSD in other molecules as well. 
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APPENDIX: ADDITIONAL INFORMATION
Density matrix calculations using multi-state level systems
Density matrix calculations can be used to predict the behavior of molecules under the influence of a light field. The general approach is well known and its application on a two-state system is in detail documented in Ref. 33 . Reference 16 describes the application on a three-state system and Ref. 13 reports on the equations for a four-state system consisting of the ground state, a higher electronic state, and two vibrational states. Here, we briefly outline the derivation of general density matrix equations which can be applied to a molecular level system consisting of any number of states.
The molecule is described quantum mechanically with a density matrixρ consisting of elementsρ pq with p, q = 1, 2, . . ., N, with N being the number of molecular states included in the model. Each diagonal elementρ pp represents the population of a state |p , while each off-diagonal elementρ pq represents the coherence between two states, |p and |q .
The time development of the density matrix is described by the Liouville equation 33 
with being the reduced Planck constant, H being the Hamiltonian of the system, and L relax being a matrix which accounts for classical non-radiative decay.
The elements of the Hamiltonian,
contain the energy ω p of each state |p , the transition dipole moment µ pq between two states, |p and |q , and the electric field,
of the incident light which follows a classical description and consists of a sum of pulsed electric fields with carrier frequencies ω k and pulse envelopes E k (t). In order to simplify the numerical calculations of the resulting differential equations, a rotating-wave approximation 33 is applied to the density matrix elements, defining reduced density matrix elements
with ω pq = ω p ω q .
The relaxation matrix follows a classical description of population and coherence decay, respectively, and is given by
with R pq being the population decay rate and Γ pq being the coherence decay rate between the states |p and |q . In order to reduce the numerical calculation time, the equations are restricted to only include the lower half (p > q) of the density matrix and the diagonal elements (p = q). The upper right half of the density matrix is subsequently calculated from the relation ρ qp = ρ * pq . Under these conditions, differential equations for the time development of the diagonal and off-diagonal density matrix elements can be derived from the Liouville equation (A1) to
with the Rabi frequencies χ pq defined as
so that only terms with slowly varying electric fields in Eq. (A9) remain.
The density matrix equations (A8) and (A9) are solved by a fourth-order Runge-Kutta method 34 in order to obtain the temporal development of the density matrix elements ρ pp and ρ pq . The calculations are performed using different light field parameters, e.g., the electric field amplitude, pulse duration, and frequency, enabling to study the dependence of the population distribution on these parameters.
Spontaneous Raman scattering in density matrix calculations
Density matrix calculations of a molecule irradiated with a light field provide insight into the temporal development of the population of the molecular states. From the calculated results, one can also obtain information about the emitted field intensity from light matter interaction such as spontaneous or coherent Raman scattering.
The intensity of a CARS signal can be obtained from the density matrix calculation via the Maxwell equations. [12] [13] [14] [15] The signal intensity of SRS can be extracted from the population change between the ground state and a single vibrational state under the assumption that the SRS process is predominant over competing processes like spontaneous Raman scattering and non-radiative decay. 16 The spontaneous Raman scattering intensity I pq Raman (t) emitted at a time t via transitions from a state |q into a vibrational state |p mediated by electronic states |k can be calculated from the results of a density matrix calculation by 24, 35 I pq
with ω St being the frequency of the emitted Stokes-shifted light, ω L being the laser frequency, ω pq being the frequency difference, µ pq being the transition dipole moment, and Γ pq being the coherence decay rate between the states |p and |q , I L (t) being the intensity of the pump laser pulse, N 0 being the number of irradiated molecules, ρ(t) being the population density of the state |q , and c being the speed of light.
All but one parameter in Eq. (A11) are known from the density matrix calculation, as they are either input parameters (i.e., the frequencies, lifetimes, transition dipole moments, and the pump field intensity) or calculation results [i.e., the population density ρ(t)]. The exception is the total number of irradiated molecules N 0 which is an unknown value but constant in time in a static sample. In order to calculate the spontaneous Raman scattering intensity that would be emitted by an ensemble of molecules via Eq. (A11), we chose to set N 0 and all constants to one, resulting in a value given in arbitrary units. Knowledge about the absolute spontaneous Raman scattering intensity was unnecessary, as only its relative dependence on different pulse and molecule parameters was studied. 
Molecule parameters of Ru(bpy)
2+ 3
Influence of the number of modeled states
Figure 8(a) shows the suppression of the ground state Raman response obtained from density matrix calculations performed with only state |6 as an excited state (blue triangles) in comparison to the results from the calculations discussed in Sec. IV with all four excited states |5 -|8 (orange squares). All calculations were performed with laser pulses at a wavelength of 355 nm with a pulse duration of 30 ps. It can be observed that the neglection of the other three electronic states results in a Raman response curve with a suppression fluence that is by approximately a factor of two higher than the one obtained from the calculations with all four states due to the reduction of the excitation probability of the molecule resulting from this neglection.
In order to compensate for neglecting states |5 , |7 , and |8 , calculations were performed in which the transition dipole moments µ 61 and µ 62 were increased from their original value of 1.7 D (blue triangles) to 2.7 D (purple circles), to 3.7 D (cyan diamonds), and finally to 5.7 D (green triangles). As can be seen, the use of transition dipole moments of slightly less than 2.7 D in the calculations would lead to the suppression fluence matching closest to the one obtained from the calculations based on the complete model. However, due to the lack of additional electronic states accepting population from the ground state on the time scale of the pulse duration, the minimum Raman response was by approximately a factor of 2.5 higher.
From this investigation, it can be concluded that in general density matrix calculations with a reduced number of Fig. 8(a) . Finally, by not including all electronic transitions in the model, its applications would be limited, e.g., it would not be possible to scan the laser frequency in respect to those transitions and thereby study the frequency dependence of the Raman scattering suppression as discussed in Sec. IV E. The calculations were performed by adding additional states |2b , |2c , |4b , and |4c to the level system which share the properties of states |2 (ν 2 = 1320 cm −1 ) and |4 (ν 4 = 1284 cm −1 ), except for their frequencies which correspond to different resonances visible in the ground and excited state Raman spectrum of Ru(bpy) In Fig. 8(b) , the Raman response curves obtained from the calculations with three ground state vibrational resonances were normalized on the Raman response resulting from the transition to state |2 . It can be observed that the maximum Raman response resulting from the transition to the states |2b and |2c is by around 10% lower due to the slightly higher difference between the frequencies of those states to the one of the ground state. A suppression of the Raman response with increasing pulse energy fluence is observed regardless whether the calculations used the simpler or the more complex level system. However, the suppression fluence is found to be slightly lower when using three vibrational states, more precisely by an approximate factor of 1.25 and 2.5 for 30 ps and 100 fs pulses, respectively.
The reason for this discrepancy is that additional vibrational states can only be neglected in the density matrix model, if the population transferred to the states is negligible. This would always be the case if the lifetimes of the vibrational states were much shorter than the pulse duration, causing an almost instantaneous relaxation of the population into the ground state. However, as a vibrational lifetime of 1 ns was assumed in the calculations, a single vibrational state was found to receive up to 11% of the population in the temporal center of the pulse [see Fig. 3(a) ]. When including three states, each individual state received up to 8% of the total population. Therefore, a slightly less pulse energy fluence was required for the GSD. This effect is more influential when using femtosecond than picosecond pulses, as their time frame of Raman scattering emission has a larger overlap with the population of the vibrational states [compare Figs. 3(a) and 6(a)].
Knowing the positive influence of additional vibrational states on the suppression of the Raman scattering, which is low especially for picosecond pulses, our model of Ru(bpy) 2+ 3 was restricted to only a single vibrational resonance for the ground and the excited state in order to reduce the computation time.
Influence of the vibrational lifetime
As discussed in Sec. III, the exact lifetimes of the vibrational states |2 and |4 of Ru(bpy) study. In the following, density matrix calculations with different vibrational lifetimes will be shown in order to investigate the impact of the vibrational lifetime on the calculated Raman scattering suppression. Figure 9 shows the ground state Raman response plotted versus the pulse energy fluence for a pulse duration of 30 ps and different lifetimes of the vibrational states τ vib = 1/R 21 = 1/R 43 between 2 ps and 1 ns, covering the range of reported vibrational lifetimes. 25, 26 Orange squares represent calculations with vibrational lifetimes of 1 ns, identical to the results shown in Fig. 3(b) . Other markers (green triangles, cyan diamonds, purple circles, and blue triangles) represent calculations with lower vibrational lifetimes as denoted. It can be observed that the Raman response is suppressed at approximately the same pulse energy fluence following a similar curve shape for all five calculations with different vibrational lifetimes. Only for vibrational lifetimes below the pulse duration (e.g., 2 ps, blue triangles), a minor increase of the suppression fluence can be observed. This is due to the fact that population transferred to the vibrational state |2 relaxes back to the ground state during the pulse duration such that there is only a small contribution of the vibrational state to the overall GSD. However, this effect is small so that it can be concluded that the Raman scattering suppression is only insignificantly influenced by the exact choice of the assumed vibrational lifetime.
Influence of transitions with different coherence lifetimes
In the investigations discussed in Sec. IV D, the coherence lifetimes between the individual states were assumed to be equal and were varied uniformly. In order to give insight into the dependence of the Raman suppression on a non-uniform variation of the coherence lifetimes, density matrix calculations were performed in which different coherence lifetimes (between 20 fs and 20 ps) were assumed for the transitions to the individual states |5 , |6 , |7 , and |8 . Figure 10 shows the ground state Raman response obtained from these calculations performed with two different pulse durations [30 ps in (a) and 100 fs in (b)]. Blue dots represent calculations in which the coherence lifetimes of the transitions from states |p = |5 , |6 , |7 , |8 to states |q with (q < p) were assumed to be τ coh 5q = 20 fs, τ coh 6q = 200 fs, τ coh 7q = 2 ps, and τ coh 8q = 20 ps. In the calculations represented by red dots, the same coherence lifetimes were assumed in reversed order (see the legend of Fig. 10 ). It can be observed that the two Raman response curves closely resemble each other, although different distributions of coherence lifetimes were used within the calculations. These results imply that the suppression of the Raman response is apparently influenced stronger by the absolute values of the coherence lifetimes of the molecular transitions than by the distribution of those values among the individual transitions.
In order to allow for a comparison, purple triangles mark the results of the calculations discussed in Sec. IV D, in which the coherence lifetimes were assumed to be τ coh pq = 0.2 ps for all transitions. This curve shows a close resemblance to the other two obtained from the calculations with coherence lifetimes varying between 20 fs and 20 ps. It can, therefore, be concluded that in a level system consisting of transitions with varying coherence lifetimes, low coherence lifetimes seem to dominate over the high ones so that the resulting Raman response curves match to curves which were calculated with only low coherence lifetimes. This effect is consistent with the observation that lower coherence lifetimes provided GSD already at a lower pulse energy fluence as discussed in Sec. IV D.
